Abstract
Introduction
The Tropospheric Emissions: Monitoring of Pollution (TEMPO) mission is NASA's first Earth Venture Instrument (Zoogman et al., 2017) . It will be hosted on a still undetermined geostationary satellite with an estimated earliest launch in 2020. TEMPO's hyperspectral observations in the 290-490 nm and 540-740 nm wavelength ranges (0.6 nm spectral resolution) 5 will measure trace gas concentrations (O3, NO2, SO2, CH2O, and others) and suspended particle matter (PM). Spatial coverage includes most of Canada, the Contiguous United States (CONUS), Northern Mexico, and part of the Caribbean at an approximate spatial resolution of 2.1x4.7 km 2 .
TEMPO partially fulfills the objectives of the Geostationary Coastal and Air Pollution Events (GEO-CAPE) mission recommended by National Research Council's Earth Science Decadal

10
Survey to measure tropospheric gases, aerosols, and coastal phytoplankton to monitor air and water quality (Fishman et al., 2012) .
Accurate characterization of the tropospheric aerosol load is required as input to a PM computational scheme along with meteorological information such as temperature and pressure 15 profiles, relative humidity, and planetary boundary layer (PBL) height. The simultaneous availability on GEO platforms of TEMPO and GOES R/S Advanced Baseline Imager (ABI) observations in the visible and near-IR present the opportunity of deriving an accurate aerosol product taking advantage of both ABI's high spatial resolution in the visible and near-IR, and TEMPO's sensitivity to aerosol absorption in the near-UV. The combination of sub-kilometer 20 spatial resolution and the multi-spectral observational capability make the ABI an optimum sensor for the derivation of an aerosol optical thickness (AOT) product over land at the GEO-CAPE required accuracy (Fishman et al., 2012) to be used in conjunction with TEMPO observations for air quality and climate applications.
Satellite-based aerosol remote sensing has been an essential tool to monitor the spatial and 25 temporal distributions of aerosols over the globe. Significant advancements in aerosol retrieval capabilities over both land and oceans have taken place over the last 20 years. The deployment of the Moderate Resolution Imaging Spectrometer (MODIS) and the Multi-angle Imaging Spectrometer (MISR) on board the Earth Observing System (EOS) Terra (1999) satellite and a second identical MODIS sensor on the Aqua (2002) platform marked the beginning of a new era in space-based aerosol remote sensing. AOT is routinely derived from MODIS observations by three distinct and independent algorithms: Dark Target algorithm (Remer et al., 2005; Levy et al., 2007; 2013) , Deep Blue algorithm (Hsu et al., 2004 (Hsu et al., , 2013 , and the Multi-Angle Implementation of Atmospheric Correction (MAIAC) algorithm (Lyapustin et al., 2011 .
In this paper, we investigate the applicability to ABI observations of existing algorithms to 
Datasets and Collocation Strategy
MODIS Dark Target Aerosol Product
The dark target (DT) algorithm of MODIS consists of two separate algorithms, a land component 15 for the retrieval of aerosol properties over vegetated surfaces, and an over-ocean retrieval algorithm. The over-land DT algorithm exploits the top-of-atmosphere (TOA) reflectance measurements in three MODIS bands, i.e., 470 nm, 670 nm, and 2130 nm to simultaneously derive AOT at all three channels with an underlying assumption that the 2130 nm channel contains information about coarse mode aerosol as well as the surface reflectance. The surface 20 characterization is achieved through linear regression of surface reflectance in the 2130 nm and visible channels (470 nm, 670 nm) (Kaufman et al. 1997; Remer et al., 2005) accounting for the viewing geometry and "greenness" of land cover (Levy et al., 2007) . DT attempts to perform retrieval on each 10 km grid box using a limited number of TOA reflectance observations after discarding 50% brightest, 20% darkest, and cloudy pixels out of total 400 pixels at 500 meters 25 resolution at nadir. DT is essentially a look-up table search algorithm which combines the precalculated spectral reflectance for a fine-mode and a coarse-mode dominated aerosol models with a proper weighting to represent the ambient aerosol properties over the target. The weighted-average spectral LUT reflectance values are compared against the TOA spectral measurements of MODIS to find the best match in AOT. Each valid retrieval is assigned with an appropriate quality assurance confidence flag (QAC) with best retrievals are tagged with QAC=3. Over the land, the expected error for AOT (0.55 μm) with QAC=3 is estimated to be ±(0.05+15%), whereas that over the ocean is ±(0.03+5%) for retrievals with QAC≥1. A detailed description of the DT Collection 6 algorithm is given in Levy et al. (2013) and also available 5 online at URL https://darktarget.gsfc.nasa.gov/.
In addition to the 10-km AOT product, the MODIS DT algorithm also offers a higher resolution aerosol product at 3-km spatial scale. While both aerosol products closely resemble each other, the 3-km product differs from the original 10-km product in the manner in which the MODIS pixels are ingested, organized, and selected by the aerosol algorithm (Remer et al., 2013) . The 10 expected error associated with the 3-km aerosol retrievals over land is found to be greater than that of the 10-km product (Remer et al., 2013) , whereas over the ocean the errors are expected to be the same as the 10-km product. Over land, globally, the 3-km aerosol product is found to be 0.01 to 0.02 higher than the 10-km product, according to Remer et al., (2013) .
MODIS Deep-blue Aerosol Product
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The MODIS deep-blue (DB) aerosol algorithm utilizes the radiance measurements at the blue wavelength (412 nm), where the surface reflectance over land is relatively lower than that at longer visible wavelengths, to retrieve the column AOT over vegetated as well as bright surfaces (Hsu et al., 2004) . The surface characterization scheme of DB adopts a hybrid approach that applies the dynamical surface reflectance method for urban built-up and the precalculated surface 20 reflectance database in conjunction with the normalized vegetation index in arid and semi-arid areas (Hsu et al., 2013) . The dynamical surface reflectance method allows greater spatial coverage of DB aerosol product by expanding the retrieval capability from the bright surfaces to all snow-free land surfaces, including vegetated areas. The cloudy pixels are screened by examining the spatial variations of TOA reflectance at 412 nm, 1380 nm, and brightness 25 temperatures in the 11 μm and 12 μm bands. DB performs retrievals on cloud-free and snow-free pixels at nominal 1x1 km spatial resolution, and then aggregates afterward to the 10x10 km retrieval box. Unlike the DT algorithm, DB provides prognostic uncertainty defined relative to DB-retrieved AOT rather than to AERONET AOT. by DB algorithm, μ0 and μ are the cosines of solar and view zenith angles for a given retrieval (Sayer et al., 2013) . A detailed description of the second generation, enhanced DB retrieval algorithm is given in Hsu et al., (2013) .
MODIS Multi-Angle Implementation of Atmospheric Correction Aerosol
Product
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The Multi-Angle Implementation of Atmospheric Correction (MAIAC) algorithm retrieves surface bi-directional reflection factor (BRF) and AOT by using the time series of MODIS measurements over both dark vegetated surfaces as well as bright targets (Lyapustin et al., 2011) .
The surface characterization in MAIAC is carried out by deriving the spectral regression coefficients that relate the surface BRF in the blue (470 nm), green (550 nm), and shortwave 10 infrared (2130 nm) bands of MODIS. MAIAC considers two discrete aerosol models, i.e., background and dust, similar to the ones adopted in MODIS dark target algorithm (Levy et al., 2007) . For identifying the smoke aerosols generated from biomass burning, MAIAC employs a "smoke test" to discriminate smoke from clouds . The smoke test relies on a relative increase of aerosol absorption at MODIS wavelength 412 nm as compared to 470- Lyapustin et al. (2018) . For a more detailed description of the MAIAC collection 6 algorithm, the reader is referred to Lyapustin et al. (2018) .
Ground-based AERONET AOT Measurements
The Aerosol Robotic Network (AERONET) project is a ground-based federated network of 25 globally distributed Cimel Sun photometers designed to do aerosol remote sensing (Holben et al., 1998) . Started in 1992, AERONET has expanded its network from a few sites in the early years to more than 500 sites across the globe currently. For more than 25 years, the project has provided long-term, continuous, and readily accessible public domain database of aerosol optical, microphysical, and radiative properties. AERONET data has been extensively used for 340, 380, 440, 500, 675, 870 , and 1020 nm. In the present analysis, we employ AERONET Version 2, Level 2 (cloud-cleared and quality-assured) (Holben et al., 2006) spectral AOT dataset from a total of 171 sites span across the United States and Canada to evaluate the performance of three MODIS aerosol algorithms. 
Satellite-ground Collocation Strategy
The three MODIS aerosol algorithms report AOT at different spatial resolutions. The DT algorithm performs and reports AOT at 10 km and 3 km spatial resolution; DB performs 10 retrievals at 1 km but aggregates afterward to the 10x10 km retrieval box, whereas the MAIAC algorithm retrieves and report AOT at a much higher resolution of 1 km spatial grid. While AOT from all three aerosol products corresponds to an area intercepted in their respective spatial grid cells representing the atmospheric conditions over a small region, the direct measurements of the spectral AOT from AERONET sunphotometer are columnar point measurements. Furthermore,
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AERONET makes AOT measurements at an interval of 15 minutes, and the timings of Aqua/MODIS overpass may not closely match with that of AERONET measurements. Therefore, collocating both types of measurements requires a spatiotemporal window that can adequately match the spatially-averaged satellite AOT retrievals with the temporally-averaged ground-based measurements. The spatiotemporal approach developed by Ichoku et al. (2002) has 20 been adopted in several validation studies for validating MODIS aerosol products against the ground truth, such as from AERONET. The standard approach suggests comparing spatially averaged satellite retrievals in a 0.5° x 0.5° grid box centered at the ground site with the temporal averaged sunphotometer measurements of AOT within a time window of ±30 minutes of satellite overpass time.
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In this study, we introduce variations in the standard spatiotemporal window by applying changes in both spatial and temporal domains to assess the performance of MODIS aerosol products on different space-time scales. Four different spatiotemporal windows were formulated that differ in the size of grid box centered at the AERONET site and corresponding time window products, the minimum number of 1-km satellite observations used by the respective algorithms in the aerosol retrieval is required to be set at 20% of the maximum possible 1-km pixels contained in the respective grid boxes. Since the DT algorithm discards 50% brightest and 20% darkest pixels out of total number of available 500-meter pixels in each 10 km and 3 km grid box before performing the retrieval, the threshold for DT algorithm was set to 10%. The minimum 5 number of AERONET Level 2 AOTs around the satellite overpass time is required to be at least two for all four variants of the collocation scheme. Table 2 lists the configurations of all four spatiotemporal windows designed for the satellite-ground collocation.
The wavelengths of AOT retrievals differ among the three MODIS aerosol algorithms. While the 10 DT algorithm retrieves and reports AOT at 470, 660, and 2130 nm, DB retrievals are available at 412, 470, and 660 nm. MAIAC retrieves AOT at 470 nm and reports it at 550 nm. For a consistent comparison against AERONET, we choose the 470-nm as a reference wavelength at common to all three algorithms. AERONET Sunphotometer, on the other hand, does not directly measures AOT at 470 nm but provides measurements at nearby wavelengths, i.e., 440 nm, 500 15 nm, and 670 nm. Using the Angstrom Exponent calculated from AOTs at these wavelengths, the AERONET AOT was estimated for the 470 nm wavelength following a linear regression on the AOT versus wavelength relation on a log-log space. The MODIS AOT retrievals at 470 nm were then directly compared against the interpolated AOTs of AERONET at the same wavelength. We use the best quality AOT retrievals as identified in their respective quality assurance fields (i.e.,
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QAC=2 and 3 for DT and DB) of all three aerosol products that are claimed to be higher in confidence and free of cloud contamination.
Results
MODIS versus AERONET AOTs: Individual Sites
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Figure 2 shows scatter plots of MODIS versus AERONET AOT matchups for the selected individual sites located in Eastern NA. These sites are characterized by lower surface albedo during the spring and summer seasons due to increased green cover, and typically influenced by background and urban-industrial aerosols. Different color codes are used to display matchups points derived following the different collocation approaches described in the previous section. Table 3 . 
MODIS versus AERONET AOTs: Composites for Eastern and Western North
Impact of Surface Reflectance on AOT Retrievals
The surface characterization is a crucial step for delineating surface contribution from the TOA reflectance measurements to separate atmospheric signal for the aerosol retrieval. Earlier studies suggest that an absolute uncertainty of 0.01 in the estimation of surface reflectance in the visible channels can produce an error of up to 0.1, i.e., approximately ten times, in the AOT retrieval 10 from the satellites (Kaufman et al., 1997; Jethva et al., 2010) . The three independent MODIS aerosol algorithms under consideration here employ different approaches to characterize the surface reflectance as briefly described in the data section. The DT algorithm estimates surface reflectance in the visible channels (470 and 660 nm) through a quasi-static regression between the reflectance at 2130 nm and those of visible channels by accounting for the dependence of In this section, we explore the relationship between the surface reflectance either assumed (DT and DB) or retrieved (MAIAC) and its impact of the accuracy of AOT retrieved from three algorithms. For this purpose, we consider MAIAC BRF retrievals (470 nm) as a working reference dataset since it encompasses surface characterization over darker as well as brighter 25 surfaces, offering a wide range of surface conditions, and also due to the fact that it is a retrieved quantity from the atmospheric correction procedure that dynamically captures the temporal variation of surface properties. The MAIAC BRF product at the time of conducting the present work hasn't been evaluated over North America region. However, some recent studies have reported a significant increase in the accuracy of MAIAC surface reflectance compared to MODIS standard products MOD09, MOD035 over tropical Amazon (Hilker et al. 2012; 2015; Maeda et al., 2016) . Furthermore, a study by Chen et al. (2017) found an improvement in the leaf area index (LAI) retrievals with the MODIS LAI/FPAR algorithm when using MAIAC instead of standard MODIS MOD09 input. Note that the sole purpose of using MAIAC surface retrieval dataset here is to evaluate relative differences between satellite retrievals and ground 5 measurements of AOD at varying surface brightness, which in no way constitutes a validation exercise of MAIAC surface retrievals over the study region nor it acts as a bias towards a particular algorithm. with most matchups remained close to the no-error limit but with an increased spread in data at surface BRF>0.04. The error in MAIAC AOT retrievals, however, is found to be very small with the mean and mode for each bin close to no error throughout the entire range of BRF retrieved over eastern NA. Also, the spread of error (10 to 90 percentile group) in the MAIAC-AERONET 20 matchups is noted smaller with an error limit mostly confined to within 0.1.
For the sites located in western NA, the error in DT-retrieved AOT (both 10-km and 3-km) exhibits a systematic behavior showing significant growth of error accompanied by the larger spread in the data population at relatively higher surface BRF (0.05-0.1). Also, note that no sufficient matchups are found between DT and AERONET for conditions when MAIAC 25 retrieved much higher values of surface BRF. The poor performance of the DT algorithm over brighter surfaces has been a known problem , although it was expected that the DT collection 006 algorithm would yield a lower bias over bright surfaces (Levy et al., 2013) .
The DT algorithm was primarily designed and developed for the aerosol retrieval over darker vegetated surfaces, as the name suggests, and follows the principle that aerosols brighten the scene, which over the brighter surfaces, breaks down. Moreover, aerosol loading over western NA is relatively low, resulting in an inferior signal from aerosols compared to that from a brighter background.
Concluding Remarks
In this paper, we have performed the accuracy assessment of three Aqua/MODIS products of 5 aerosol optical depth derived from three independent algorithms using ground-based AERONET measurements over the North America region. This is, to our knowledge, the first attempt to simultaneously evaluate the relative performance of the three MODIS aerosol products, i.e., DT, BB, and MAIAC, over the region, which is in the field-of-view of currently operational GOES geostationary platform and future TEMPO mission. A spatio-temporal collocation scheme of 10 satellite retrievals with ground measurements was applied identically to all three satellite-based products, except for the relaxed required minimum number of retrievals for the DT algorithm which discards many sub-kilometer pixels prior to performing the aerosol inversion. The Zoogman, P., Liu, X., Suleiman, R., Pennington, W., Flittner, D., Al-saadi, J., Hilton, B., Nicks, D., Newchurch, M., Carr, J., Janz, S., Andraschko, M., Arola, A., Baker, B., Canova, B., Chan Miller, C., Cohen, R., Davis, J., Dussault, M., Edwards, D., Fishman, J., Ghulam, A., González Abad, G., Grutter, M., Herman, J., Houck, J., Jacob, D., Joiner, J., Kerridge, B., Kim, J., Krotkov, N., Lamsal, L., Li, C., Lindfors, A., Martin, R., Mcelroy, C., Mclinden, C., Natraj, V., Neil, D., Nowlan, C., O‫׳‬sullivan, E., 5
Palmer, P., Pierce, R., Pippin, M., Saiz-lopez, A., Spurr, R., Szykman, J. Tables   Table 1. MODIS-AERONET aerosol datasets and their characteristics. Table 4 . Same as in Table 3 but for sites in western North America. Figures   Figure 1 a) Geographical distribution of AERONET sites over North America. Color codes represent the span of AERONET Level 2 data in years calculated from the total number of daily observations. b) An illustration of the spatiotemporal schemes for collocating the satellite retrievals with the ground measurements. 
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